Stormwater management strategies increasingly recognise the need to emulate the predevelopment flow regime, in addition to reducing pollutant concentrations and loads. However, it is unclear whether current design approaches for stormwater source-control techniques are effective in restoring the whole flow regime, and in particular low flows, towards their pre-development levels.
INTRODUCTION
The effects of urbanisation on the hydrology of receiving waters are well documented, being recognised, along with water quality, as a primary driver of ecological condition (Walsh et al. ) . The streamflow volume and the magnitude and frequency of high flows are typically increased by the creation of impervious areas. The effects of urbanisation on low flows are more catchment-specific, depending on the physiography of the catchment and the strategies and practices employed during urban development (e.g. characteristics of sewage network, spatial distribution of impervious areas; Price ). To prevent the degradation of urban stream health resulting from these hydrological changes, the paradigms driving stormwater management are evolving to consider the whole flow regime of receiving waters (Burns et al. b) . Stormwater management strategies increasingly aim at restoring the flow regime characteristics back to their predevelopment level (Hunt et al. ) : flow management objectives based on this 'natural flow regime' (Poff et al. ) are thought to provide the best opportunity to return healthy stream function, when combined with suitable water quality and channel form.
Source-control techniques, including retention and infiltration systems such as tanks and raingardens (i.e. biofilters, also called bioretention systems), may be used to meet the natural flow regime objectives (Hunt et al. ) . Their basic principles emulate the hydrological processes of natural catchments, namely retention of the precipitation in soils, losses by evapotranspiration and slow release via interflow or groundwater flow. However, the amount of stormwater retention and harvesting needed to approach the water balance of a natural catchment is very large. Both tanks and raingardens, installed at the allotment-or precinct-scale, are likely to show limitations in the restoration of the water balance.
To address these challenges, the design of source-control techniques can be modified to increase their retention capacity and their ability to restore natural flow paths. Tanks can be used for passive irrigation, releasing harvested water at a low flow rate onto the nearby garden via a perforated pipe (Burns et al. a) . This design has the advantage of releasing to catchment soils a flow rate consistent with the catchment baseflow rate, while increasing the available storage in the tank for retention of subsequent rain events. Similarly, raingardens can be designed with a low flow underdrain (Palhegyi ) that diverts the treated water to the piped network at a low flow rate, consistent with the catchment's pre-developed hydrology.
However, the extent to which these design enhancements can help meet a range of flow regime targets is relatively unknown. In retrofit projects, it is also unlikely that the whole area of the catchment is treated, raising the question of the minimum area to be retrofitted to achieve significant results on streamflow. In this study, we thus aim to explore two primary questions: (i) To what extent can the pre-development low flow regime be maintained through the use of commonly available source-control stormwater control techniques? (ii) What are the effects of the partial treatment of an urban catchment, and do these vary between different flow metrics? Our analyses, based on a typical urban development for the Melbourne area, compare the performance of various stormwater management strategies based on the total streamflow and three low flow metrics.
METHODS

Overview
We first calibrated a double reservoir linear model to a reference (natural) catchment. The use of real data from a case study provides useful insights into the complexity of subsurface flow modelling and consequently the importance of model structure selection. Next, we simulated the urbanisation of the catchment and assessed the resulting disturbance to low flow hydrology. We then applied five stormwater sourcecontrol strategies to assess the extent to which the predeveloped low flow regime could be retained. For the best scenario, we finally investigated the effect of a partial retrofit of the catchment as measured by our four flow metrics.
Study catchment
The McMahons Creek catchment, located 90 km east of Melbourne (S 37.8206, E 145.9376) and with an area of 40 km 2 , served as our reference condition. The geology of the catchment is Devonian granites and sandstones, separated by a band of Devonian metamorphics (Feikema et al. ) . Soils are red and brown earths, and the catchment is almost exclusively covered by Eucalyptus regnans forest. Our calibration was undertaken for the period from 01/01/2003 to 31/12/2006, during which time the average annual rainfall was 1,003 mm. Hourly rainfall data were obtained from the closest raingauge available, at the Upper Yarra Reservoir (operated by Melbourne Water), some 10 km from the catchment centroid. No other rainfall data were available within a reasonable distance of the catchment. Hourly flow data came from Melbourne Water gauge 229106, located at the catchment outlet. Postprocessing of the hydrological data, i.e. infilling small gaps in the time series, are described in a previous paper (Hamel & Fletcher ) . Areal potential evapotranspiration was obtained from the ESOCLIM climate database, for the Warburton/O'Shannassy's site (station 86090).
Development and calibration of the reference model
Analyses of the rainfall-runoff behaviour of the reference catchment were conducted to develop a conceptual model that best represented local hydrology (Hamel & Fletcher ) . Significant inter-annual changes in soil moisture storage were observed, resulting in high baseflow during winter months (Appendix 1.1, available online at http://www. iwaponline.com/wst/069/772.pdf). Despite this buffering effect of soils, the streamflow responded quickly to rainfall, likely due to the precipitation on the channel and riparian zone. We therefore used a model with two retention stores, representing the quick and slow contributions from the two distinct parts of the catchment (see details in Appendix 1.2, available online at http://www.iwaponline.com/ wst/069/772.pdf). All modelling was undertaken using MUSIC 5.1 (eWater ; Hamel & Fletcher ). Rainfall interception by vegetation, particularly important in dense Eucalypt forest characterising the catchment (Melbourne & Metropolitan Board of Works ), was modelled applying a 20% continuing loss to precipitation. The depression storage in the riparian zone (Duncan ) was represented by a 1 mm initial loss. In the urban state (see subsequent sections), we assumed that the continuing loss would be reduced by 50%, through the reduction in canopy cover in the main part of the catchment.
The model was calibrated using the following statistics, calculated at an hourly time step: mean and median annual flow; 10, 50 and 90th percentile flows; standard deviation of flows; and Nash-Sutcliffe efficiency (NSE) for flow and log 10 -transformed flow. These statistics were selected to assess the overall performance of the model with regards to magnitude and timing of flow, but also its specific performance for low flows (Pushpalatha et al. ) , which are the principal focus of this study.
With a large number of parameters in the model, it is very likely that multiple calibration solutions exist. Calibration was therefore undertaken manually, using hierarchical iteration of parameters, starting with those that were considered the most physically significant. The model calibration resulted in NSE of 0.49, and 0.58 on log 10 -transformed data (evaluation on log 10 -transformed data giving a better indication of the low flow performance of the model), with the parameters reported in Appendix 1.2. We refer the reader to a previous publication for additional details about the hydrological analyses, model development and uncertainty assessment of the model calibration (Hamel & Fletcher ) . However, the impact of data uncertainties has not been extensively studied: we argue that their effect on the rest of the study is minimal, since our aim was mainly to use realistic data for the stormwater management scenarios. It is possible that the study catchment somewhat differs from the actual McMahons catchment, but measurement errors on hydrological time series are unlikely to impact the conclusions about dominant hydrological processes.
Modelling of urbanisation scenarios
Baseline urban development
We simulated the urbanisation of the catchment, assuming a medium density residential development typical of Melbourne (Appendix 1.3, available online at http://www. iwaponline.com/wst/069/772.pdf). The urban development was applied across the entire catchment, with the exception of 5% set aside for public open space, consistent with typical planning provisions in the region. This area was assumed to sit within the riparian areas specified in the model. Based on the total stream length (31.2 km), it represented a buffer of approximately 30 m on each side of the stream.
Alternative scenarios based on source-control techniques
We tested five basic stormwater source-control strategies (Figure 1 ). Our aim was to compare scenarios based on retention for rainwater and stormwater harvesting (T1 and T2) to scenarios based on raingardens (R1 and R2), and to a combination of both (TR). For scenarios based on tanks, we considered two alternatives at the allotment scale, based on indoor use of harvested water for toilet, laundry and hot water (details of the assumptions are provided in Appendix 2, available online at http://www.iwaponline. com/wst/069/772.pdf). T1 additionally assumed outdoor use for irrigation, while T2 was designed with a focus on low flow restoration, adding a passive irrigation tank that released harvested water at a low flow rate in the garden. The low flow rate was designed based on the mean flow in the natural catchment. For public open space, in both scenarios, we assumed that a stormwater pond was used for harvesting and subsequent irrigation.
The scenarios based on raingardens compared the performance of two designs (Figure 1 ): in R1, raingardens were unlined to allow infiltration, despite the fact that restrictive soils found in the catchment were likely to limit the exfiltration. Raingardens were 800 mm deep (with an additional 200 mm ponding depth), and hydraulic conductivity of surrounding soils set at 36 mm/h for the top 300 mm and 0.36 mm/h below this, based on data from Hamel et al. () . The other raingarden strategy, R2, used entirely lined raingardens, focusing on baseflow restoration via a low flow underdrain that released treated water at low flow rate via the stormwater network. Similar to the T2 scenario, the low flow rate was set to the mean baseflow from the natural catchment. A final scenario (TR) was designed to combine the effect of stormwater harvesting and low flow release via passive irrigation and use of unlined raingardens.
Effect of partial treatment of the urban catchment
Finally, to investigate the effect of a retrofit of the urban catchment, we tested the effect of a partial treatment of the urban catchment based on the TR scenario. We modelled the case where 25, 50, or 75% of the catchment was treated, with the remaining undergoing urban development as per the baseline scenario.
Selection and calculation of metrics
The performance of each scenario was assessed with four metrics: the total flow volume (annual daily flow, or ADF), and three metrics representing the magnitude, duration, and frequency of low flows (Hamel ). These were the 95th percentile (Q95), its ratio over ADF (Q95/ADF), and the frequency of low flow spells (FL1), where a spell is defined as a period during which the flow remains under a threshold, defined here as the 75th percentile. This selection of metrics results from our focus on the low flow regime, with our source-control scenarios targeting the enhancement of infiltration in the urban area. Each metric was calculated on an annual basis and the mean and standard deviation were reported.
RESULTS
Reference catchment and baseline urban scenario
Implementation of urbanisation to the reference catchment resulted in the typical hydrological changes both for high flows and low flows. On average, the total flow (ADF), Q95 and the frequency of low flow spells (FL1) increased by a factor of two and Q95/ADF showed the strongest effect, being decreased by a factor of five ( Figure 2 ). Interannual variability was high in the natural catchment for each metric over the four years of the study, but the response of each of the metrics to urbanisation went well beyond this natural variability. The model replicated the observed variability relatively well based on metric values and the flow duration curve, although the modelled Q95 was more variable than the observed value, and the Q95/ADF less variable than observed. These differences highlight some limitations in our model, which cannot fully replicate the strong inter-annual variability of streamflow.
Performance of source-control technique strategies
Tank-based strategies
As expected, tank-based scenarios performed well for the ADF metric, due to the high level of indoor and outdoor use of stormwater ( Figure 2 ). These strategies also restored the number of low flow spells (FL1) to its reference value. However, both tank strategies failed to restore low flow magnitude and duration as measured by Q95 and Q95/ADF. The two tank strategies (T1 and T2) produced similar values, despite the hypothesised restoration of low flows due to the passive irrigation in scenario T2. Increasing the capacity of the passive tanks to 3 kL (from their default 1.5 kL) did not change the results significantly, suggesting that the size of the storage was not the factor limiting the increase of low flows (results not shown).
Raingarden-based strategies
Raingarden-based strategies did not significantly affect the total flow volume. This was expected, given that the only losses in raingardens are due to evapotranspiration from the raingardens, which are constrained by their small area (3%), relative to their contributing impervious catchment. Regarding the magnitude and duration of baseflow, the scenario R1, based on infiltration raingardens, performed much better than R2, which relied on low flow underdrains with controlled release rate aiming to mimic baseflows. This effect may be explained by the storage capacity and subsequently the retention time of the lined raingardens, which are insufficient to impact Q95. A sensitivity study on the release rate (which impacts the retention time) confirmed the very weak response of Q95 to this parameter. However, alternative flow percentiles that represent baseflow magnitude (e.g. Q70) showed greater response to changes in release rate (results not shown). The large value of ADF for R1 also explains the relatively low performance of R1 regarding Q95/ADF, despite Q95 being close to its reference values. Finally, the frequency of low flow spells was restored back to its reference level for both raingarden scenarios.
Combination of tanks and raingardens
The TR strategy combined the advantages of both sourcecontrol techniques. Not surprisingly, the stormwater harvesting provided by the tanks resulted in a decrease in ADF by 75% compared with the baseline. ADF remained 19% higher than its reference value, due to the substantial infiltration of water via both passive irrigation and infiltration from raingardens. Like all other strategies, TR restored the frequency of low flow spells to its reference level. Regarding low flow magnitude and duration, TR compared well with R1, the infiltration strategy, although harvesting prior to infiltration reduced the magnitude of the groundwater recharge and subsequent baseflow.
Effect of partial implementation of strategies
The implementation of the TR strategy on only 25% of the catchment resulted in a reduction of ADF by 38% (Figure 3) . The relationship of volume reduction to implementation coverage was non-linear, with the proportional effect of additional treated area being less strong as the total treated area increased. This is because the increased implementation of source-control strategies upstream diminishes the efficiency of downstream measures like the stormwater pond. This effect is particularly visible on the 75% treatment scenario, which resulted in a reduction of ADF greater than for the 100% treatment scenario. The compensatory effect of the stormwater harvesting storage, where the excess runoff from upstream areas is directed, is likely to explain this observation: the storage effectively allows for more water to be lost from the catchment via evapotranspiration.
The effect of a partial implementation of the TR strategy on FL1 showed a threshold, with even a relatively low treatment (25%) resulting in FL1 being close to its reference value (Figure 3) . Similarly, the effect on Q95/ADF was non-linear, with the first 25% of treated catchment having a greater effect than the remainder. Again, these relationships are due to the diminished effect of downstream raingardens and stormwater harvesting with increasing application of upstream (at-source) measures. However, the effect of a partial implementation of the TR strategy had a linear effect on Q95.
DISCUSSION
Metric selection
The results from this study highlight the importance of metric selection for stormwater management studies. Our focus was deliberately on the baseflow regime, resulting in three metrics quantifying the low flow part of the hydrograph. We have shown that these metrics potentially ignored some features of the baseflow, with the 95th percentile of flows not being affected by the low flow release by raingardens (while the 70th percentile, or alternative metrics integrating the low flow part of the flow duration curve, showed a stronger response). Similarly, the results from the partial treatment scenarios suggest that a low level of treatment already achieves a significant outcome based on the selected baseflow metrics. This is contrary to the expected effects on high flows, where treating only 25% of the catchment is unlikely to reduce significantly the effect of urbanisation. Overall, this suggests that flow metrics should be selected with careful consideration, ideally based on the components of the flow regime that have been identified as ecologically important. This is often challenging, as it may require specific eco-hydrological and ecohydraulic studies often unavailable (Hamel ) .
In addition, we note a possible confusion that may arise from the use of the total flow (ADF) metric. In general, the effect of urbanisation on the total streamflow is a large increase due to the much higher runoff peaks and the large loss of evapotranspiration. However, the effect of urbanisation on baseflows is commonly the opposite (notwithstanding anthropogenic inputs), with creation of impervious areas reducing infiltration and subsurface flows. Because ADF encompasses both types of flow, care should be taken in the interpretation of its changes.
Model limitations
While scenario studies provide interesting insight into the optimisation of catchment-scale strategies, our results should be considered in light of the required modelling assumptions. The most important of these pertains to the baseflow generation processes, both for the natural and urban catchments (Price ) . Careful observation of the hydrological data allowed development of a model structure which attempts to represent the physical processes, but we have not compared this structure to alternatives (see Hamel & Fletcher ) . Double linear reservoir models have been shown to adequately represent natural catchments (Fenicia et al. ) , but validation of the urban scenarios remains difficult if not impossible in the absence of 'before-after control-impact' type of experimental data. Similarly, secondary effects of urbanisation such as the creation of preferential paths (due to underground pipelines, etc.) or the leakage of water from mains have not been included in our model. Because these effects vary widely between catchments, they would have to be considered individually for each study catchment.
The assumptions for the stormwater management scenarios also deserve attention. We acknowledge that the presence of a downstream stormwater pond used for irrigation had a strong effect on the results for the tank-based scenarios (including the scenarios of partial treatment of the catchment-based on the TR strategy). While this option is not technically complex, it is rarely being applied to such an extent in practice.
CONCLUSIONS
Because they emulate some natural hydrologic processes at a small scale, source-control techniques can help restore a near-natural flow regime in urban catchments, in particular where large areas are available for implementation. Our modelling study provided insight into the advantages and limitations of some typical techniques used in residential catchments: rainwater harvesting tanks and raingardens. Strategies based on a standard design of tanks efficiently decreased the total flow, but did not affect the altered baseflow regime. A design based on baseflow enhancement via low flow release (passive irrigation) did not improve the results significantly, certainly due to the limited storage capacity of source-control techniques. The same limitations were found for strategies based on raingardens designed with a low flow underdrain. Despite this, a combination of tanks and infiltration raingardens represents a promising way towards flow regime restoration both in terms of total flow and baseflow regime. Importantly, our study illustrated the role of metric selection in stormwater management studies, showing that low flow metrics responded distinctively to an increase in the retrofitted area of a catchment. In general, this suggests the need to analyse a range of metrics representing the process of interest, especially given the uncertainties related to the ecological significance of particular flow aspects.
